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I.  INTRODUCTION 


Molybdenum  disulfide  (M0S2)  is  a  useful  solid  lubricant  because  it 
deforms  plastically  more  readily  than  the  solid  surfaces  between  which  it 
is  placed.  On  the  macroscopic  scale,  the  low  shear  strength  of  M0S2 
reduces  the  friction  between  sliding  surfaces.  On  the  atomic  scale,  the 
low  shear  strength  (low  friction)  of  M0S2  is  explained  by  its  anisotropic 
crystal  structure:  the  material  is  comprised  of  hexagonally  packed  planes 
consisting  of  a  layer  of  Mo  bounded  on  each  side  by  a  layer  of  S.  All 
effective  strong  bonding  is  within  the  resulting  "sandwich"  planes,  not 
between  adjacent  sandwiches.  M0S2  is  strong  in  two  dimensions  and  weak  in 
the  third,  making  the  material  a  two-dimensional  mechanical  analog  to 
one-dimensional  linear  polymers.  The  low-shear-strength  basal  planes 
provide  an  atomic  mechanism  for  single-crystal  plastic  deformation;  this 
mechanism  plays  a  role  similar  to  that  of  dislocations  in  close-packed 
metals.  However,  on  the  microstructural  scale,  which  relates  atomistic  and 
macroscopic  phenomena,  the  mechanisms  of  Mo$2  plastic  deformation  have  not 
been  fully  explained.  For  example,  M0S2  lubricants  are  polycrystalline, 
and  while  the  basal-plane  slip  mechanism  explains  deformation  within  a 
single  crystal,  the  nature  of  the  intercrystalline  slip  and  its 
contribution  to  overall  deformation  are  not  understood  at  this  time. 

Sputtering  provides  a  method  of  applying  M0S2  as  a  lubricant  in  thin- 
film  form;  it  avoids  the  use  of  the  organic  binders  used  in  powder  applica¬ 
tions,  which  can  outgas  in  the  vacuum  of  space.  Studies  have  been  reported 
that  attempt  to  relate  M0S2  sputter-deposition  conditions  to  its  mechanical 
properties,  such  as  friction  and  wear,  and  oxidation  resistance.1-^  An 
increasing  emphasis  has  been  placed  on  elucidating  the  physical  properties 
of  films,  such  as  composition,  crystallinity,  crystal  orientation,  and 
adhesion,  in  order  to  explain  the  effects  of  deposition  conditions  on  film 
performance.  “  These  microstructural  studies  have  not  generally  incorpo¬ 
rated  zone-model  nomenclature  in  their  reports. ^  Such  zone  models  provide 
a  conceptual  framework  for  relating  growth  conditions  to  the  physical 
properties  of  films. 
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The  zone  models  use  the  dominant  diffusion  mechanism  operating  during 
growth  as  a  class i f ication  criterion.  The  zone  1  structure  is  the  result 
of  a  ;ow  ior  assent  adatom  mobility  that  is  insufficient  to  overcome  the 
effect  cr  t  snadowing  favored  at  low  T/T  (deposition  and  melting 
temperate '•cS .  respectively'  and  high  gas  pressures.  (In  general, 
inert.-.:..:  g.  pressure  enhances  toe  shadowing  of  the  impinging  flux,  as 

we  .  ij  ?•  r :  e-asir.g  the  kinetic  energy  of  ion  bombardment  in  plasma 
deposi :.  .on  •  ces~- .-s  .  Gas  pressure  was  added  by  Thornton^-^  to  the 
or  .»•  in:  ..  me  del  of  'L  im  formation  via  evaporation  developed  by  Movchan  ana 
bemchisn  in^’"  as  an  additional  measure,  along  with  homologous  temperature, 
oh  the  degree  to  whic!.  adatom  mobility  is  affected  by  deposition 
conditions.)  The  morphology  of  zone  1  films  consists  of  large  dome-capped 
grains  that  have  poorly  deiined  fibrous  interiors.  The  films  can  be 
amorphous  cr  crystalline,  they  often  contain  voids,  and  they  generally  have 
poor  mechanical  properties.  The  zone  2  structure  results  when  surface 
diffusion  dominates;  this  structure  consists  of  well-defined  columnar 
grains  that  have  faceted  or  flat  tops.  The  zone  3  structure  occurs  when 
lattice  diffusion  dominates.  Grain  growth  or  recrystallization  can  occur, 
promoting  large  columnar  grains  or  equ taxed  grains,  respectively.  The 
mechanical  properties  of  zone  2  and  zone  3  structures  are  better  than  those 
of  zone  1  structures.  Thornton  also  defined  a  zone  T  (transition) 
morphology,  favored  by  lower  gas  pressures  and  a  higher  T/Tm,  that  was 
between  the  zone  1  and  2  structures.  The  zone  T  material  has  the  zone  1 
fibrous  interior,  but  with  flat  tops;  it  is  not  porous  and  its  mechanical 
properties  can  be  good. 

In  this  report  we  discuss  the  microstructures  of  sputter-deposited 

M0S2  films,  prepared  in  three  different  laboratories,  in  terms  of 

zone-model  nomenclature  and  the  relationship  between  the  as-deposited 

microstructure  and  the  microstructural  deformation  that  results  from 

sliding  contact.  Sliding-wear  test  results  are  reported  in  detail 
2 1 

elsewhere;  from  correlations  between  our  observations  and  results 
reported  in  the  literature,  we  show  that  sliding  wear  can  induce 
cry;- tal  i  izat ion ,  a  heretofore  unreported  result. 
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II.  EXPERIMENTAL 


The  M0S2  films  on  440C  bearing  steel  were  prepared  by  three  sputtering 

21 

techniques  in  different  laboratories  using  (1)  an  rf  target,  (2)  a  dc 
target, and  (3)  an  rf  magnetron  target.1^”"1®  For  convenience,  the  films 
will  oe  referred  to  as  RF,  DC,  and  RFM,  respectively.  Typical  deposition 
temperatures,  pressures,  and  growth  rates  were  as  follows:  RF :  70-22C°C, 

20  mT,  245-345  A/min;  DC:  135-190°C,  23  mT,  600  A/min;  RFM:  25-70°C,  20  mT, 
400-600  A/min.  Some  of  the  DC  films  contained  codeposited  nickel. It 
is  worth  emphasizing  that  the  RF  and  DC  films  were  formed  in  contact  with 
the  plasma  during  growth,  while  the  RFM  films  were  deposited  with  the 
plasma  magnetically  confined  away  from  the  surface  of  the  film.  Surface 
adatom  mobility,  which  is  influenced  by  substrate  temperature  (which  in 
turn  is  affected  by  secondary-electron  bombardment),  should  be  lower  in  the 
RFM  case.  The  substrates  were  sputter-precleaned  in  the  DC  and  RFM 
experiments,  which  was  not  done  in  the  RF  experiments. 

The  sliding-wear  deformation  was  produced  by  a  thrust  washer  apparatus 

2 1 

under  conditions  described  previously.  Briefly,  the  machine  consists  of 

'  Hisk  rwat-  slides  ag°’nst  a  roat°d  flat  under  low  loads  (3.18  kg  dead¬ 
weight  load)  at  a  mean  sliding  velocity  of  33  mm/s.  The  apparent  contact 
area  between  the  rider  and  the  stationary  member  was  approximately  45.2 

p 

mm  .  In  some  tests  films  were  run  until  they  failed  (arbitrarily  defined 
as  that  point  where  the  reaction  torque  of  the  stationary  member  exceeded 
0.07  Nm);  other  tests  were  terminated  after  a  fixed  number  of  revolutions, 
then  characterization  measurements  were  made. 

Film  morphology  was  investigated  by  means  of  scanning  electron  micro¬ 
scopy  (SEM).  Both  top-surface  and  cross-sectional  morphologies  (generally 
viewed  at  a  30°  tilt)  were  investigated.  Film  cross  sections  on  the  tough 
steel  substrate  were  prepared  by  impacting  the  sample  with  a  diamond  brale 
indenter  in  a  Rockwell  C  hardness  tester  at  a  static  load  of  150  kg.  The 
radial  compressive  load  generated  at  the  indentation  rim  caused  the  film  to 


7 


r: .  e  .  wr. :  c:.  rcproduc id !y  exposed  a  cross  sootier. .  '  ireviOuJ  ir.vesti- 
.ons  cross-sect  ionai  morphology  nave  generally  beer:  limited  to 

7  R  1||  1J  V,  \j 

..:s  o',  trittie  satset  ates  that  coo.  t  do  :  ract .  :  ec  '  ’  '  '  ’  •  except 

a  '  i 

iccoo  sections  exposed  adjacent  to  s.-dirg-wta:  tt  acks  or  steel  ’ 
or  tat  ions  were  made  i:.  or.  worn  and  worn  regions.  Prior  co  StM  ooserva- 
)■; ,  the  MoS  ->  surfaces  were  coated  witn  cold  to  improve  tr.e  conduct  iv  :t  v 


f  .  m  crystallinity  and  or  ientat  uc.  were  studied  by  means  of  >;-r  a>  d  :  f  - 
:':.ict.;c  using  dif  f  r.ic  tome  ter  and  film  techniques.  >.  Thiiiips  E  s  c- 

r  runes  .ir.  jo:  APD-37-0  vertical  di  ffractometer  equipped  for  norm.i. 

3  usir.g  C.i-Ka  >:  rays  :  1 . 5^  A>  was  used.  X  rays,  which  respited  fr  ut 

trie:  i  .  ..0 re seen ee  ol  . r  or.  .n  the  stce.  because  s'  Cn-Ku  irr  adiat  ion,  wv*. 

.  tered  .....r  with  a  mono  cn  r  orm-.  ter .  The  fi  .ms  were  oriented  so  that  the 

ter  ng  .’cuter  G  (trie  vector  sur-t  ■  act  ion  or  the  incident  x-ray  vest  -r 

from  tr.c  .fusing  x-ray  vector  )  was  always  normal  to  the  surface.  The  ,in*.u 
of  irradiation  was  it. 9  •  1  .0  cm.  To  analyze  some  of  the  samples,  the 
r  esu  It  ing  XF  I:  pattern  was  photographed  with  u  Read  thm-fiim  camera,  for 
writer,  tre  angle  of  incidence  of  the  x  rays  with  respect  to  the  substrate 
surface  ranges  from  5  through  15v  (this  angle  serves  to  emphasize  near  - 
surface  sr  ccios  in  the  XH£<  pattern'll.  The  use  of  the  Read  technique 
nr ov ides  two  other  advantages:  (1)  the  scattering  vector  G  was  not 
restricted  to  being  rormal  to  the  substrate,  and  (2)  a  smaller  area  of 
i  rudciat  i  or:  could  be  obtained  (1*4  mm).  Cr-Ka  radiation  {2.2  9  A) 
filtered  through  a  vanadium  fiirer  was  used. 

The  nanostructure  of  the  RF  films  was  investigated  by  transmission 
electron  microscopy  (TEM)  using  lattice  imaging  and  dark-field  techniques 
along  with  electron  diffraction.  Specially  prepared  RF  M0S2  films 
deposited  on  amorphous  carbon  were  analyzed.  Deposition  times  ranged  from 
20  to  90  s,  and  substrate  temperatures  were  fixed  at  70  or  220°C. 
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III.  RESULTS  AND  DISCUSSION 


SEM  reveaied  that  the  RF  and  DC  Films  have  a  similar  morphology  ( see 
Figs,  'a  3’ifl  ib)  consisting  of  acicuiar  islands,  which  have  been  observed 

1  o  ~  ■> 

oe lore  .  -  ’  -  •'  Cr-oss-sectionai  analysis  revealed  that  these  islarids  ar 

the  tops  of  columnar  plates  (see  Figs.  1c  and  Id).  The  plates  generally 
nave  a  mierost ructure  that  is  denser  and  Finer  near  the  interface  than  at 
the  surface,  ana  this  relative  difference  increases  with  deposition 
temperature,  suggesting  that  increased  adatom  mobility  facilitates  a 
coarsening  of  the  morphology.  Columnar  morphology  is  often  observed  in 
thin  films,  but  the  columns  are  generally  equiaxed  (in  the  plane  parallel 
to  the  surface)  and  not  platelike.  However,  most  thin-film  morphological 
investigations  reported  in  the  literature  have  been  of  metals  or  simple 
metal  compounds  (e.g.,  TiC,  TiN,  A^O-j),  which  generally  have  isotropic 
crystal  structures,  while  MoS2  has  an  anisotropic,  planar  structure. 

XF.D  indicates  that  the  (001)  basal  planes  are  oriented  normal  to  the 

substrate  (and  parallel  to  the  columns),  because  (100)  and  (110)  planes  are 

observed  parallel  to  the  substrate  (and  normal  to  the  columns).  The 

perpendicular  orientation  of  the  basal  surface  forms  because  the  edge 

surfaces  are  more  reactive  than  the  basal  surfaces;  under  most  deposition 
28 

conditions  this  favors  edge  nucleation  at  reactive  sites  on  the 
suostrate.  With  regard  to  crystallography,  diffusion  kinetics,  and 
reactivity,  it  can  oe  assumed  that  M0S2  grows  faster  on  the  edge  planes 
than  on  the  basal  plane,  which  would  explain  why  platelike,  as  opposed  to 
equiaxed,  columns  form.  If  an  island  nucleates  with  the  (100)  plane 
parallel  to  the  surface,  horizontal  growth  is  fast  in  the  [010]  and  [010] 
directions  and  slow  in  the  [001]  and  [ 00T ]  basal  directions,  while  vertical 
growth  is  fast  in  tne  [120]  direction.  Nucleation  with  a  (110)  plane 
parallel  to  tne  surface  will  yield  fast  horizontal  growth  in  the  [110] 
and  [110]  edge  directions,  slower  growth  in  the  [001]  and  [001]  basal 
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direct  ions ,  arid  fast  vertical  growth  in  tne  [  MO]  edge  direction.  The 

2 1 

s  O'  i  p.-.ra!  it.  orientation  is  the  dominant  one  observed.  • 

If  one  assumes  that  growth  is  slower  in  the  ( 00 1 j  direct  ions,  the 
basal  planes  shoui  •*  lie  parallel  to  the  major  axis  of  the  islands. 
Unfortunately ,  the  XRD  data  cannot  confirm  this  assumption,  because  XRD  can 
detect  inly  those  orientations  that  are  parallel  to  the  surface.  However, 
TEM  lattice  images  of  the  (002)  basal  planes  of  RF  M0S2  on  amorphous  carbon 
clearly  show  that  this  hypothesis  is  the  correct  orientation  (see  Fig. 

2).  Brunei  et  al.  have  published  a  similar  lattice  image. ^  A 
corresponding  dark-field  image  (see  Fig.  3)  shows  that  the  islands  do  not 
contain  perfectly  straight,  single-crystal  basal  planes;  some  deviation  is 
present.  Further  investigation  and  interpretation  are  in  progress. 

The  RFM  films  examined  possess  a  very  different  morphology  (see 
Fig.  4a)  consisting  of  fibrous,  equiaxed  columns  that  are  more  densely 
packed  than  the  columnar -plate  structure.  The  equiaxed  morphology  suggests 
that  surface  diffusion  is  inhibited,  which  would  cause  atoms  to  incorporate 
into  the  lattice  at  or  near  the  point  of  impingement,  thus  inhibiting  the 
formation  of  anisotropic  plates.  XRD  revealed  no  peaks  for  the  RFM 
material,  indicating  there  is  no  long-range  crystallographic  order;  this  is 
consistent  with  the  hypothesis  that  adatom  mobility  is  limited.  This 
morphology  has  been  observed  by  other  invest igators . ^ 1 ^ ^ 

The  RFM  morphology  studied  has  a  zone  1  (perhaps  zone  T)  appearance, 
while  the  RF  and  DC  morphologies  are  a  variation  of  the  zone  2  structure. 
Columnar  plates  are  formed  instead  of  equiaxed  columns  because  of  the 
anisotropic  crystal  structure  and  differing  chemical  reactivities  of  the 
various  crystal  facets  of  M0S2.  The  deposition  condition?  for  the  RF,  DC, 
and  RFM  films  were  slightly  different  in  pressure  (RF/RFM:  20  mT ;  DC:  23 
mT)  and  in  measured  temperature  (RF:  70-220°C;  DC:  135-190°C;  RFM:  25-70°C). 
“ -  generally  lower  deposition  temperature  of  the  RFM  process  would  inhibit 
atom  mobility.  We  believe  another  important  factor  in  the  RFM  process  is 
th  “  the  plasma  is  magnetically  confined  away  from  the  film  surface.  Thus 
enhancement  of  adatom  mobility  from  secondary-electron  surface- 
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Fig.  2.  TEM  lattice  image  of  an  RF  AT  film  on  carbon,  showing  that  the 
early  nucleation  morphology  consists  of  anisotropic  islands. 

The  (002)  basal  planes  are  oriented  normal  to  the  substrate  and 
parallel  to  the  major  horizontal  axis  of  the  islands, 
indicating  that  rapid  growth  occurs  along  the  edge  planes. 
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Fig.  3.  TEM  dark-field  image,  corresponding  to  Fig.  2,  showing  that  the 
islands  do  not  contain  perfectly  straight,  single-crystal  basal 
planes;  some  deviation  is  present. 
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Fig.  4.  SEM  micrographs  of  the  cross  sections  of  an  RFM  film  that  has  a 
zone  1  (zone  T)  structure  in  the  as-deposited  state  (A). 

During  sliding  wear  a  smooth  deformed  region  forms  at  the 
surface  (B)  with  fibrous  zone  1  (zone  T)  structure  remaining 
intact  underneath  (C).  (D)  X-ray  diffraction  indicates  that 

the  as-deposited  material  has  no  long-range  order,  but  a  basal 
orientation  parallel  to  the  substrate  in  the  surface  region 
develops  during  sliding  wear  as  a  result  of  stress- induced 
crystal  1 ization . 
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add.  t. or  of  wate--  vapor  during  deposition  induced  a  zone  1  morphology,  eve 

at  luO  o.  Roberts  has  oeen  able  to  produce  KFM  films  that  have  zone  2 

morphologies,  by  operating  at  higher  growth  rates  than  the  rate  used  to 

1 7 

synthesize  the  RFM  films  reported  here.  He  suggests  that  increasing  the 
M0S2  deposition  flux  while  maintaining  a  fixed  water-vapor  flux  decreases 
the  relative  immobilizing  effect  of  the  water.  There  is  support  for  the 
idea  that  some  alteration  of  the  chemical  influence  of  water  occurs  as  a 
result  of  an  increased  M0S2  flux,  because  in  general  changing  the 
film-deposition  rate  alone,  even  over  a  wide  range  of  rates,  has  not  been 

ph 

found  to  change  morphology.  Recent  XPS  studies  in  our  laboratory 
indicate  that  the  RF  zone  2  material  reported  here  is  really  an  hfc^-like 
phase  that  contains  some  oxygen  (5-15?)  in  a  2-  state,  along  with  sulfur 
(i.e.,  0  is  substitutional  with  S  and  is  not  from  MoO^),  which  is  evidence 
that  water  was  present  during  deposition. 

B.  WORN  FILMS 

When  sliding-wear  tests  are  performed  on  the  zone  2  films,  a  crystal 

reorientation  occurs  in  which  some  of  the  basal  planes  are  realigned 

pi 

parallel  to  the  substrate,  thus  facilitating  lubrication.  XRD  shows 

that  this  reorientation  occurs,  on  a  significant  scale,  faster  on  films 
formed  at  higher  temperatures  (HT,  approx.  220°C1  than  on  those  formed  at 
ambient  temperatures  (AT,  approx.  70°C).  The  wear  life  of  the  AT  films  is 
longer  than  that  of  the  HT  films.^1  Both  types  of  film  show  a  similar 
dependence  of  wear  life  on  thickness:  below  a  critical  thickness, 
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f:\v-.  ■-  .  :  eat  ion  does  r.»t  occur',  while  above  some  optimum  thickness, 

2  1 

i ...  .  *  :S  .  t  wear  life  with  increased  thickness  are  small. 

..  .  •.  :  -tvc:  tr.  i  s  critical  thickness  phenomenon ,  although  he  did  not 

t. r.d  at.  g  i .  ::s  ; «ear  life  above  the  optimum  thickness.  In  his  wear 
it;.:  ,t  wt.u  debr  is  was  quickly  removed  from  the  wear  track,  while  debris  is 
general  .  >  detained  in  out'  test  for-  long  periods;  this  would  explain  the 

u. it'erenee  in  our  observed  effect  of  larger  thickness. 

Spa  Ivins  proposed  that  additional  material  above  the  critical 
thickness  was  of  little  value,  because  the  columnar  plates  fractured  at 
this  thickness,  creating  the  loose  debris  that  was  quickly  discarded  from 
the  wear  track. ^  The  material  remaining  after  fracture  provided  the 
effective  solid  lubricant,  although  the  details  of  the  crystal 
reorientation  needed  for  lubrication  were  not  reported.  We  have  observed 
the  fracture,  detachment,  and  complete  reorientation  of  the  columnar  plates 
(see  Fig.  5a),  which  can  form  lubricating  sheets  of  debris  in  our  test  (see 
Fig.  5b).  However,  the  plates  do  not  need  to  detach  completely;  rather, 
they  can  tilt  partially  (see  Fig.  5c)  or  they  can  bend  (see  Fig.  5d),  with 
both  conditions  forming  highly  deformed,  smooth,  lubricating  regions  at  the 
surface  of  the  plates.  Buck  has  also  observed  this  surface  deformation 
when  films  are  lightly  loaded  ("wiped"). ^  We  see  variations  in  the 
deformation  morphology  within  a  given  sample,  which  indicates  that  the 
contact  load  in  our  test  varies  across  the  sample.  However,  on  average, 
large-scale  deformation  (i.e.,  plate  detachment  or  the  reorientation  of  the 
entire  plate)  occurs  very  quickly  in  the  HT  films  relative  to  the  AT  films, 
which  have  a  denser  morphology.  During  wear  the  AT  films  can  develop  a 
deformed  zone  at  the  surface,  with  some  tilting  and  bending  of  plates.  In 
each  sample  the  depth  and  degree  of  deformation  vary  with  location.  The  DC 
films  tend  to  wear  in  a  manner  similar  to  that  of  the  RF  AT  films  (see  Fig. 
6.) 

The  zone  1  (zone  T)  films  also  exhibit  a  smooth,  deformed  region  at 
the  surface,  beneath  which  the  fiber  structure  is  still  intact  (see 
Figs.  4b  and  4c).  XRD  reveals  that  a  basal-plane  orientation  develops  in 
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Fig.  5.  SEM  cross-sectional  micrographs  of  RF  HT  films,  showing  various 
sliding-wear  deformation  morphologies.  (A)  Complete  detachment, 
and  reorientation  of  columnar  plates  that  form  (B)  lubricating 
sheets  of  debris  in  our  test.  (C)  Partial  tilting  of  plates. 
(D)  Bending  of  plates. 
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Fig.  6.  SEM  cross-sectional  micrograph  of  a  DC  film  (with  Ni),  showing 
the  development  of  a  highly  deformed  surface  region  during 
sliding  wear.  The  DC  films  appeared  to  be  similar  to  the  RF  AT 
films  after  sliding  wear. 
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the  wear  track  parallel  to  the  substrate,  suggesting  that  a  stress-induced 
crystallization  has  occurred  in  the  deformed  layer  (see  Fig.  4d).  This 
crystallization  apparently  provides  sufficient  lubrication  to  yield  good 
wear  life  in  vacuum  tests. ^  We  suspect  that  these  zone  1  (zone  T)  films 
synthesized  by  RFM  at  room  temperature  have  some  degree  of  short-range 
order  that  facilitates  stress- induced  crystallization.  Buck  has  also 
observed  a  similar  material,  which  he  implied  (by  labeling  it  "Type  II"; 
this  nomenclature  is  explained  elsewhere-^)  had  an  as-deposited  parallel 
substrate  and  basal-plane  orientation.^  In  contrast,  Spalvins  has  shown 
that  when  films  are  deposited  at  cryogenic  temperature,  wear  performance  is 
poor.  We  believe  that  Spalvins'  films  were  completely  amorphous  because 
of  the  lower  deposition  temperature,  and  that  this  complete  disorder 
inhibited  stress-induced  crystallization.  Buck  has  also  observed  an 
"amorphous"  structure,  which  he  distinguishes  from  his  "Type  II" 
material . ^ 


19 


IV.  SUMMARY 


In  summary,  when  the  lubrication  ability  of  sputter-deposited  M0S2 
film  is  assessed,  both  the  as-deposited  and  deformed  microstructures,  which 
include  crystalline  orientation  and  morphology,  must  be  considered.  Some 
types  of  zone  1  (zone  T)  and  zone  2  morphologies  yield  films  of  good  lubri¬ 
city;  however,  some  variations  are  inferior.  A  morphologically  dense 
film  --  either  a  low-temperature  zone  2  or  a  zone  1  (zone  T)  film 
possessing  sufficient  short-range  order  to  allow  stress-induced 
crystallization  to  occur  --  is  desirable.  For  large-load,  long-wear-life 
applications,  particularly  in  vacuum,  the  present  study  shows  that  the 
morphology  should  be  dense  enough  to  provide  good  load-bearing  capability, 
preventing  large-scale  film  reorientation  early  in  sliding  wear.  This 
morphology  is  also  desirable  when  the  wear  application  quickly  ejects 
debris,  such  as  in  a  ball  bearing.  However,  in  a  sliding  application  in 
which  the  debris  is  trapped,  such  as  in  a  telescoping  mechanism,  a  thick  HT 
zone  2  film  would  be  acceptable.  If  a  reduced  wear-life  is  allowable,  the 
retardation  of  oxidation  during  spacecraft  storage  on  earth  would  favor  an 
HT  zone  2  morphology,  which  is  more  resistant  to  such  oxidation. ^»2 1 > 
Crystallographically ,  depositing  a  material  whose  basal  orientation  is 
parallel  to  the  substrate  in  the  as-deposited  microstructure  is  still  a 
desirable  goal  with  regard  to  improved  lubricity  and  greater  resistance  to 
oxidation,  although  the  morphology  of  the  material  must  be  dense.  Other 

factors  that  influence  film  performance  are  the  presence  of  water  during 
18 

wear  and  the  adhesion  of  the  film  to  the  substrate,  with  the  latter 
property  being  strongly  dependent  upon  interface  composition  (this  issue  is 
not  discussed  in  the  present  work).  Both  topics  are  the  subject  of 
continuing  research. 
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